To describe the contribution of Wilder Penfield to the early characterization of glial cells in collaboration with Pío Del Río-Hortega and Santiago Ramón y Cajal during his study in La Residencia des Estudiantes, Laboratorio de Histopatología in Madrid in 1924. METHODS: Comprehensive review of the English and Spanish-language literature pertinent to the history of Wilder Penfield (1891Penfield ( -1976, his associations with Pío Del Río-Hortega (1882 -1945 and Santiago Ramón y Cajal , and his articles describing glial cells. RESULTS: Penfield went to Spain in the spring of 1924 to work with Río-Hortega and Cajal, which resulted in a fruitful 5 months of study. During this trip, he published several articles, including a landmark report in which he completed the characterization of the "third element" of Cajal (non-astrocyte glial cells) and its relationship to classical neuroglia. The article was accepted for publication in Brain, the leading British neurology journal of the time. CONCLUSION: Today, Wilder Penfield is much better known for his seminal explorations of the cortical basis of higher function, his contributions to epilepsy surgery, and as the founder of the Montreal Neurological Institute than for his original work with Sherrington in England or Río-Hortega and Cajal in Spain. While working with Río-Hortega, his report on oligodendroglia was critical to advancing the characterization of this important class of glial cells. 
T o the modern neurosurgeon, Wilder Penfield ( Fig. 1) needs little introduction. Many are familiar with the basic outline of his legendary career ( Table 1) . Penfield is justifiably famous for two main achievements: his tremendous contributions to the functional mapping of the human brain in the surgical treatment of epilepsy and the founding of the Montreal Neurological Institute. However, lesser known but also seminal was his initial neuropathological work examining and characterizing glial cells. As the function of glial cells is increasingly seen as complimentary rather than subsidiary to neurons (2, 12, 23) , it seems appropriate to look back at Penfield's important contributions to the early characterization of glial cells. The modern reader may be surprised that Penfield was, together with his Spanish mentor Pío Del Río-Hortega, the first to properly describe oligodendroglial cells. In this historical vignette, we review Penfield's trip to Spain and the contributions arising from his fruitful albeit short time in the Residencia des Estudiantes in Madrid in 1924.
Penfield's Idea to Go to Spain
In 1923, Penfield was attempting to stain brain scars in the laboratories of the New York Presbyterian Hospital in the hope of identifying the mysterious cause of posttraumatic epilepsy in both animal models and humans. Penfield had begun this project 2 years earlier, when he began teaching medical students at the Columbia College of Physician and Surgeons under the authority of William C. Clarke, professor of surgical pathology. Clarke challenged Penfield immediately, asking "Wouldn't you like to see how the nerve cells, and all the other cells that surround them and nourish them, behave when . . . you make an incision in the brain? What is the cause of epilepsy?" (19, pp 63-64 ).
Penfield was fascinated by epilepsy from his very first exposure to the central nervous system (CNS), mentioning as early as his undergraduate years that he "had filled [his] index cards with notes from the writings of Hughlings Jackson" (19, p 159) . Clarke gave Penfield his first opportunity to begin studying the disease. He recognized immediately, however, "that the methods we use show only half the picture" (19, p 64) . Indeed, 2 years later, Penfield met a d e a d e n d i n h i s w o r k because of the inability to stain the non-neuronal cells of the CNS. Penfield thought these cells were crucial to demonstrating the healing process of the brain and in helping to elucidate why a "healing scar so often leads to epilepsy" (19, p 91) .
It was then that Penfield recalled the trouble he had staining neurons in the lab of another famous mentor he had worked with while on a Rhodes Scholarship, Sir Charles S.
Sherrington of Oxford University (1857-1952) (Fig. 2) , who had admonished him "Don't give up until you have tried the methods of Ramón y Cajal" (19, p 91). (Sherrington had invited Cajal to stay at his home during Cajal's Croonian Lectureship in 1894 and the awarding of an honorary degree from Oxford; Cajal was rumored to have turned the guest bedroom into a histology laboratory [17] !) Remembering the brilliant success he had met with using Cajal's staining techniques, Penfield immediately went to the New York Academy of Medicine to read Cajal's articles in the hopes of adopting his staining techniques once again, only this time for glia rather than neurons. Although the techniques proved fruitful, Penfield was not able at first to emulate the beautiful stains of Cajal's greatest disciple, Pío Del Río-Hortega, nor was he able to completely interpret the results of the stains he used.
In January 1924, Penfield decided to approach the man who had recruited him to the Presbyterian Hospital, surgical chief and professor of surgery Allen O. Whipple (Fig. 3) , in the hopes of securing funds to travel to Spain and study under Pío Del Río-Hortega. Río-Hortega had published detailed drawings of the non-neuronal cells, which, Penfield stated, were "no more than ghosts" (19, p 94) in his preparations. Although Penfield was unsure of how Whipple would respond, Whipple was quite supportive and decided to call upon Mrs. Percy Rockefeller. He had operated on her daughter free of charge and was able to secure a generous grant from Mrs. Rockefeller. With the help of a few other benefactors, Whipple secured enough funds to allow for Penfield, his wife, and their two children to spend 6 months in Madrid. While there, Penfield hoped to work closely with Río-Hortega to "study the brain of man, and then move on to the effects of disease on the brain" (19, p 94 
Early History of Glia
It was not until the publication of Golgi's (13, 14) method in 1886 that a means for the more exact study of nerve cells and neuroglia was made possible. Cajal's pioneering modifications of Golgi's technique made possible the detailed anatomic study of the central nervous system. In fact, Cajal's modifications and studies were so fundamental that many, including Sherrington and Penfield, regarded Cajal ( Fig. 4) as the true father of neuroanatomy (19, pp 94, 112) . His studies on glial cells came after his celebrated studies of neurons. Using his gold-sublimate method, Cajal demonstrated the morphology of the protoplasmic neuroglia as well as the fibrous neuroglia of the white matter in 1913 (3, 4). Cajal also recognized that the "satellites" and "interfascicular cells" were of a different class from neuroglia, which he termed "the third element" (3). However, the remainder of the "adventitial" or non-nervous cells remained unstained until Cajal's disciple, Pío Del Río-Hortega (Fig. 5) , described a method of using silver carbonate to stain neuroglia and connective tissue in 1918 (5) . For the first time, this clearly distinguished two cell types with distinct cytoplasmic expansions, which Río-Hortega termed microglia and oligodendroglia. Thus the non-neural interstitial cells could be divided into four classes: 1) fibrous neuroglia, 2) protoplasmic neuroglia, 3) microglia, and 4) oligodendroglia. Río-Hortega would go on to focus his research efforts on microglia, elucidating their genesis, function, and pathologies in remarkably precise fashion (24) .
However, there was still much debate on the existence of oligodendroglia as a distinct CNS cell type, owing in part to the difficulty involved in staining these cells. In fact, Cajal himself was unable to produce an effective and reproducible stain, leading him to dismiss these cells altogether as a true class of glial cells and to declare that the "third element" was made up exclusively of microglia. Given Cajal's enormous influence, his dismissal was perhaps just as important as any staining difficulty with respect to the further characterization of oligodendroglia. At the time of Penfield's arrival, there had been no resolution to this debate (Fig. 6 ).
Penfield's Description of Oligodendroglia
Penfield noted that prior to the method of Río-Hortega, oligodendroglia were very difficult to stain completely. The first to stain oligodendroglial cells was the Scottish investigator Robertson, who used a platinum method to describe cells that he termed "mesoglia" (25, 26) . However, in his term "mesoglia," he had just described a group of cells he thought to be of mesodermal origin. Penfield went back to examine an original preparation of Robertson and compared it with sections stained by Río-Hortega's method. He was able to verify that Robertson's "mesoglia" were indeed identical to Río-Hortega's "oligodendroglia." Based on this, Penfield suggested that the term "mesoglia" be abandoned.
Penfield then learned Río-Hortega's method for staining oligodendroglial cells and added his own modifications. Using the "ammoniacal silver carbonate" method of Río-Hortega, the results were variable. In 1924, Penfield reported on his modifi-cations to the method, and used it to stain oligodendroglia in the CNS of rabbits ( Table 2) .
The remainder of the staining procedure consisted of washing, toning, fixing, dehydrating, and clearing the specimen. Toning, originally described by Cajal, consisted of substituting gold for silver. With his modifications, Penfield had finally succeeded in developing a reliable stain for oligodendroglia. Don Pío, having been shown Penfield's exceptional slides, remarked, "Casi mejor que yo" ("Almost better than I could do"). Penfield later reminisced that he "might have laughed at his use of the word 'almost'" but that "he could expect no higher praise" (19, p 104).
Río-Hortega then asked Penfield to publish his results confirming oligodendroglia as the remaining cell type of the "third element." Penfield studied and drew many of the oligodendroglia that he stained (Fig. 7) . While noting that neuroglia and oligodendroglia both possessed "the asteroid body with expansions, centrosome and Golgi apparatus of similar appearance" (16), he was nevertheless able to distinguish many characteristics of oligodendroglia. He noted that oligodendroglial nuclei are larger than those of microglia but smaller than those of neuroglia. He also commented on the ability to distinguish neuroglia from oligodendroglia by the presence of "sucker feet" (modern-day "vascular endfeet") on the former group of cells (16) . Penfield also stated that, with his improved methods, he could get a better view of oligodendroglial cell cytoplasm, showing that the "expansions" of cytoplasm were directed along the length of the "neuron cable system" (i.e., along white matter tracts) (Fig. 8) . In addition to studying white matter oligodendroglia (termed "interfascicular glia" by Río-Hortega), Penfield carefully described oligodendroglia in gray matter as well. Penfield clearly showed that "perineuronal satellites" included both oligodendroglia and microglia. Similarly, he showed that "perivascular satellites" could also be either oligodendroglia or microglia. Critically, he noted that whereas the cell bodies of these two types of perivascular satellites were "applied closely to the blood-vessel," neither one was like neuroglia in this respect: with neuroglia it was the "neuroglia expansions that are applied to the neuron and vessel." Interestingly, he may have simultaneously underestimated neuroglia and overestimated neurons in claiming that "oligodendroglia forms by far the most numerous group of cells in the central nervous system, after nerve cells" (16, p 441). 
GILL AND BINDER
In 1924, Wilder Penfield published his work from La Residencia in a seminal article in the journal Brain, "Oligodendroglia and Its Relation to Classical Neuroglia" (16) . In this article, he paid homage to his mentors, Cajal and Río-Hortega:
In spite of untiring study of the central nervous system which has demonstrated the intricate morphology of neurones and neuroglia, a very numerous body of small cells (the third element of Cajal) continued to be refractory to staining methods…The brilliant studies of Del Río-Hortega show that these cells possess complicated expansions. By demonstrating their detailed structure, he was able to show that they fall into two groups, differing in form and function. One group, which he chose to denominate microglia, is of mesodermal origin, and the other, oligodendroglia, composing the more numerous portion of the cells, he believes to be of ectodermal origin (16, p 430) .
In this historic article, Penfield summarized his work, along with that of Cajal and Río-Hortega, in formulating an overall classification of the interstitial cells of the nervous system ( Table 3) . This gross classification has changed remarkably little since.
Coming Together: The Fruit of Penfield's Spanish Expedition
When he initially used Río-Hortega's stains, before leaving for Madrid, Penfield explained that the results were, "very exciting, but also very confusing. What I saw was difficult to interpret" (19, p 92). Within a short 6 months in Madrid, not only did Penfield perfect a specific stain for oligodendroglia and describe this "third element" in the seminal 1924 Brain paper, but, along with Río-Hortega, he also moved from "pure" neuroscience to neuropathology in studying the reaction of glial cells to injury. In an article entitled "Cerebral Cicatrix: The Reaction of Neuroglia and Microglia to Brain Wounds" (7), they provide several observations regarding cellular changes after simple stab wounds:
The formation of a simple cicatrix in the brain presents the following stages: The first cellular change is observed in microglia cells which begin their phagocytic activity early and continue it for a long period. Later, the neuroglia astrocytes about the wound become swollen and those closest to the area of destruction or to obliterated vessels undergo clasmatodendrosis. There follows rapid amitotic division of the other astrocytes and the cells then become fibrous and arrange themselves typically in a radial fashion about the wound. Most of their expansions, and particularly the robust ones, are arranged like the spokes of a wheel with the site of the former stab as the hub…A connective tissue core forms at the center, connective-tissue collagen fibrils are laid down and the wound contracts (7, pp 282-300).
It is noteworthy that their basic idea of these injury stages and formation of the "cicatrix" (contracting scar) is essentially correct. Compare, for example, a modern neuropathology textbook:
In regions of tissue damage hematogenous monocytes infiltrate the CNS and phagocytose dead cells and necrotic debris. Swelling of astrocytes is a relatively rapid response. With time, reactive astrocytes proliferate and insinuate long cytoplasmic processes into the adjacent brain parenchyma, which appear as fibrils in appropriately stained preparations (8, pp 1.10-1.17). 2) Bromuration-Heat the block in fresh fixative in a small 2) Wash-Wash blocks in running water at least 4 hours to remove covered dish for 10 minutes at a temperature of 45-50ºC. Such heat alcohol. is uncomfortably hot to the hand when applied to the dish steadily.
3) Section-Cut on freezing microtome at 15-20 micra.
3) Section-Cut on freezing microtome. Others have recently verified "clasmatodendrosis," their term for the loss of distal astrocytic processes, in degenerative disorders such as Alzheimer's disease (15, 27, 30) . Although the details of gliosis and microglial response were not complete, the numerous observations and conjectures put forth by Río-Hortega and Penfield in this single publication are astonishing. "Cerebral cicatrix" (7) was actually intended by Penfield to be a combined publication with his 1924 article in Brain. However, "Pio procrastinated. This was his old-time enemy. I could not get our results into print for three years, not until 1927" (19, p 108) .
In 1927, back at the New York Presbyterian Hospital, along with his research associate William V. Cone (Fig.  9) , Penfield decided to write a "textbook on the general principles of neuropathology without describing specific diseases" (19, p 129).
(Cone was actually a remarkably astute innovator and scholar whom, if not for h i s re l u c t a n c e t o w r i t e papers, would undoubtedly be widely known to every modern neurosurgeon [22] .) Penfield thought that moving beyond a simple description of various diseases to a mechanistic description of disease pathophysiology was an essential step in the eventual treatment of various neurological diseases. However, Penfield "realized, far too often, that someone else, somewhere in the world, could write a better chapter. I wrote to several to see if they would do a chapter for us. I was surprised when the invitations were readily accepted, since my name carried no prestige as editor" ( [19] , p 129). Numerous sources belie this self-effacing claim: Penfield was widely known and respected, even in 1927, by many of the most eminent scientists of the day (10, 11, 20, 21) . In any event, all of his requests to contribute to Cytology and Cellular Pathology of the Nervous System were accepted, except for Cajal who "alone refused, saying he had advancing arteriosclerosis, the histologist's way of describing old age" (19, p 175) . Río-Hortega also gave Penfield pause, for he had a habit of not responding to letters and telegrams. Penfield describes bombarding Río-Hortega "with letters and finally, received a telegram from him followed by a letter. 'Of course I will write for your book. How could you think otherwise'" (19, p 175) .
Cytology and Cellular Pathology of the Nervous System, dedicated to Cajal, was finally published in 1932 with 26 eminent contributors. It proved to be an instant and influential success. It was the first tome written on neuropathology from a basic science perspective, a common staple of many pathology texts written today for both graduate and medical study. Penfield describes the reaction he received after the first edition went out of print:
When, eventually, the first edition of this reference book went out of print, I received letters of inquiry from all over the world. But I was too busy making clinical use of what I had learned to undertake a second edition. At long last, in 1965, Hafner, NY, reprinted it without change (19, p 351 ).
For such a text to be reprinted in original form more than 30 years after its first publication is a testament to its lasting influence.
CONCLUSION
Penfield credited the time he spent in Europe, specifically in Madrid, with providing him the "keys to understanding" (19, pp 90-113) . At a time when glial cells were just being described and differentiated by Río-Hortega and himself, Penfield immediately studied their reaction to injury and their potential role in epilepsy. In his autobiography, No Man Alone, he stated, "if one desired to throw new light on the effect of disease, or injury, and on the process of healing in the brain, the best hope lay in the study of the non-nervous cells, using Hortega's littletried methods" (19, p 103) . More than 80 years after this statement was made, recent evidence is accumulating for a critical glial contribution to epilepsy (2, 29) .
Penfield was humble in acknowledging his mentors. He credited Sherrington with influencing his scientific thinking "more than anyone else" (28) , saying "I looked through his eyes and came to realize that here in the nervous system was the great unexplored field-the undiscovered country in which the mystery of the mind of man might someday be explained" (19, p 36 ). In the obituary he wrote for Río-Hortega in 1945, Penfield makes no mention of his own role in the authentication of oligodendroglia or the elucidation of microglia, giving full credit to Río-Hortega (18 This historical vignette outlining Penfield's contributions to the elucidation of Cajal's "third element" provides a wonderful example of critical neuroscience research performed by a neurosurgeon. Needless to say, Penfield later made seminal contributions to epilepsy surgery, the mapping of the intact human brain, and the founding of the Montreal Neurological Institute (1, 9-11, 20, 21) . As an Oslerian "medico-chirurgical neurologist" (11), Penfield embodied the ultimate combination of neuroscientist and neurosurgeon. When comparing physician investigators with pure scientists, Penfield offers advice that is as true today as it was then: "We have our practical purposes. We must select our weapons and plan our researches with the patient and his unique problems in mind" (19, p 112).
T he authors state that Penfield's investigation of oligodendroglia, and all of his neurocytological work, had a direct bearing on his etiological and surgical thoughts about epilepsy, but this point deserves added emphasis. In his autobiography, Penfield says, "Hortega and I began to discuss the question that was always at the back of my mind. Why should the healing scar ever become the cause of epilepsy?"(1) Contemporary neuroscience is still trying to answer this question, albeit at a more sophisticated level. Even so, more than half a century after Penfield's major contributions, the holy grail of epilepsy's etiology still eludes us, especially with regard to primarily generalized seizures. T his historical study reviews the contributions of Wilder Penfield to the cytological identification of oligodendroglia when Penfield worked in 1924 with Río-Hortega, the brilliant pupil of Ramón y Cajal in Madrid. Penfield, determined to examine the cellular changes in the healing of brain wounds, had become frustrated when his efforts in New York to apply the metallic methods of the Madrid neurocytologists were unsuccessful. He made the difficult decision to opt out from his busy neurosurgical practice at the New York Presbyterian Hospital to spend six months abroad to learn the microscopic techniques for demonstrating the non-neuronal elements of the brain: astrocytes, oligodendroglia, and microglia.
Samuel H. Greenblatt
Penfield was the first English-speaking student to be associated with Cajal and Río-Hortega. As the authors note, this scientific excursion paid off handsomely for Penfield. He wrote a definitive paper on what he liked to call the "oligos" in 1924 in the journal Brain (2) and produced another classical report in 1927 with Río-Hortega on the reaction of neuroglia and microglia in brain wounds (1) . He also reported on changes of microglia in gliomas, which was his first use of the metallic methods to study the diagnosis and classification of brain tumors.
Armed with these new cellular techniques, Penfield returned to New York and set up a Laboratory of Neurocytology. Penfield and his newfound surgical partner William Cone became pioneer aficionados of the Spanish techniques in North America. Penfield became an enthusiastic disciple of the school of Cajal and Río-Hortega by his own continued reports on the glia and his appreciative papers on the careers of Cajal and of Río-Hortego, to whom he was indebted for this substantial pivotal point in his own neurosurgical career.
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